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14. MATERIALS FOR RAMJKT ENGIMES AND COMPONENTS

by

C. W, Benmnmerer

14.1 NATURE OF THE MATERIALS PROBLEM

In fow enginvering problemm are the parameters of nny
structural demsign so mutualiy dependent ams in the design of
the ramjet eagine. The interdependence of load, deflection,
temperature K and time creates two new rrobhlems, each cf which
regquires a molution betfore suitable materials can be selected.
These problems involve: (n) An evaluatign of the mechanical
properties of traditional aircraft materials for more severe
boundary conditions, and (b) a search for new materials which
can he used in areas in which the conventional aircraft mater-
ials are inadequate, Both of these problems are unususually
troublesome; the first bocuuse the basic design problem (with
exceptionally varied and numerous parameters) Irequently 1is
not fully understood by the designer or materials engineer.

An example of thir misunderstanding is encountered in the
short-tine varauu long-time temperature probiom, which is dis-
cusased on page 5. The mecond problem arises from the fact

that materials in the development mtage vary in their make-up
and have a tendercy to be erratic in their mechanical behavior.
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An educatiovnal problem in fabrication techniques, a careful
evaluation of production and fabrication potential, and a re-
examination of inmpection and testing techniques are also in-
volved in the uvae of new materials, The problem is exemplified
by the development of umable titanium alloys for structural
applicationa. In addition, materials used for guided missilen
are subjected to other deleterious environments such am vibra-
tion, shock, humidity, sand nnd dust, ralt spray, temperature,
prossare, corropion, fungus, and rain., These conditions ars
not usually encountered in the same conbinntion as in wmore con- )
ventionnl applications.

The specialized requirements for ramjet-engine mnterinlm
can be discussed more satisfactorily if the engine is consid-
ered to be made up of combusition-systom componentm and dif fusier-
nystem components, This breakdown by function gives two differ-
ent temperature zonwva {or design Mach numbers from 1.6 to 2.4,
In the fivet zone, tompo;nturo offects aro dus to hot games from
combustion, anud in the second to aerodynamic heating.

The combustion-systeéem components, which for many applica-
tions comprise the nft section of the missile, present moveral
of the most complex engineoring problswmis. Suitable metals must
be uelected which will withstand temperatures varying from 406°
to IBOOOF. The exact temperature or temporature gracient in
any particular component or combusitoi subsystem obviounly de- )
pends upon its function, location, and the ltength of exposure
{which may vary from ag little as three winutes to ns lonyg an
threo houvs) .,

The (allplpe, which in many casies 1s nluo the external
shin of the alt body of the misslle, mny nlso be the load
cerrying membory, ‘Theso load: wmay grocvuct savious combinations

of bendlng ns woll ns toraional nd axlel streasos,  Those
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otresses may he steady-state or dynamic, depending on flight
conditisns, and may corrsspond to accelerations varying from
one g to 30g over a very wide frequency regime. Deflections
are sssocinted with load and the manner of load application
which, for ucrodynﬁm{c and operational reamsons, mumst be kept
within the elautic rangs of the material. S8Since dynamic
loads are involved, the problema of resonant-vibration condi-
tions are always present, and frequently a design criterion
demands that coertatn frequencies bhe avoided to prevent unde-
sBirabie coupiing.

Drag and precsure loands to which the nozwzle is mubjected
raenlt in large tonnile miremses, Large thermal mtresmmes may
alsc be present, requiring that space allowances be made for
oxpansion. Doflections of this component, however, are not
critical. PFor long periods of flight, temperntures as high an
1500°F may cpume p gradual but continuous erosion of nozzle
materials from erosive action of the hot gases,

The combustor, which 1s perhaps subjected to the highest
temperatures in ihe engine, is expesed to the drag and pressure
loads which subject the structural components of the entire mys-
tem to various combinations of membrane streases., During a
steady-state burning, temparatures from 500° to 1500°¥ may be
encountered in various parts of the combusitor, External pres-
sures present a smtructeral stabllity problem, not ameunable to
precise analysis, since the components contnin a great many
digcontinuitios in the form of holesn and louvres,

Combustor accessories such as fismcholders requlre
miterials having high-temperature strength combined with low
erosion properties, A holder must be capable of serving itls
function without apyreciable ercsion, since burnout could af-
fect the flame-holding stability, and of secondary importance
the metal fons in the exhauat could have an nttenuntion effoct

on the guildance-intalligence satgnnln
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In the diffuser myatem (as in the razt of the miasile)
load and deflection design criteria are keyed to the function
of the component, The design temperatures are n function of
Mach number, since components are subjected to aerodynamic
heating. For antiaircraft misriles operating up to a Mach
number of 2.2, this design temperature is betwoen 350° and
45001, depending on the type of guldance system used. Higher
temperatures may require positive conling action in this 1o-
gion of the mismile, since it houses the electronic equipment
and the fuel supply. For antialrcraft misslles operating in )
the rogime of Mach numbers 1.8 to 2.2, it bhas been common prac-
tice for design purposes to use a temperature rate-of-risoe of
30 deg/soc, which 12 consmidered to be conservative. Becnurse of
the low thermal capacity of the thin sheet-metal walla, diffurer
matorialsg generally reoach equilibrium temperature .in n matter of
secenda, Frequeontly the limtting design criterion iz atubility,
since the diffuser wall shell 18 londed fn bending and torsion,

In this case, buckling in torsion or compressive huckling in
bending 18 the mecasure of thip stablility,

Hgh strength in o !fght waight +thin section »nf given
asvodynamic shebe is required in the diffusier entry lip. PFor
Mech mumhers in excess of 2.2, nnd for flight times in excess
of a few minutes, the dproblem of erosion becomes overwhelmingly
important. In many cases tho intake 1ip must support ather )
pleces of equipmant, such an antennag ar other intelligence
eiomenta, and for such deslgns thore s an added requiroment 1
for n high dogree of atiffnasn,

Attachment struacitures and struts are the remaining dif-
fusor-aystem components which require n cnreful selection of
miteriala, A conmicerahle amount of these materials is re- :
quired because of the nature of these memoors; hence, the i

strongth-woight ratio 18 quite important,
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Even though the materials used in missilo construction
will be subjected to high tenmperatures for only relatively short
perioda of time, the time-temperature problem is still a very
critical one, It im in the time ranges of fruom a few ssconds
to as much us five or ten minutes that loast i known about the
mechanical properties of engineering materials. Because of
weight conmsidorations it is deamirable to ume design allowables
a8 high as possible to take full ndvantage of thermal deiays
and the short flight times. The lack of datn is partly the re-
sult of the newness of the ajpplication and partly the remult of
the current practice of using conrervatively extrapsclated datn
for demign. It 1s well known that the physical properties of n
material change with temperature, and that mechanical properties
that yleld point and modulus of elasmticity vary ownward with an
increase of temperature. Design aata which allow for creep are
available in the literature, and, because this creep provlem in
solved by tolerating a known amount of plastic deformation over
g long period of tine (years), the mechanical property onta na-
socliated with this phenomenon nre vase. or loag time periods nnd
plastic deformations., On the other end of the scale, the entire
subject of short-time high-temperature behavior of aircraft ma-
terisls roquires, and ie receiving, further detaniled investign-
tion [3,83]. These investigation programs are usually uisas-

s#ociated from twoth the conventionnl creep problem and the very

short-time, high-heating-rate problem typified by rocket-material

requirements. As long-renge miasiles are dostigned, cther tem-
porature-time probloms will appenr. For examnle, one such vrob-
lem which hag already become ovidcent {s the little uncerstood
"exeep buckling' which occurg in members loaded in comprension
with an occentric load,

5 =

CONFIDENTIAL

VS IUMIAMIMT LOMTAINS SEORMALION ATPRGCHNE THE MATIONL DEPENSE OF 11 @ (patqD NIALES Wilwis i

NEAMING (F THE COPHMAGE Lawd NI ¢ 18 U RO ONG T4 8 ANU T84 TH TRANOMIBSRINN OR
g REVELATHIG P 118 QOMIINTD 1IN ANTY LONNER 70 AN A IWSS:2 B0 JEATNN '8 PRIPIBITEDL BT Law

‘\

e ———




CONFIDENTIAL

8slection of materials for the ramjet engine requires
not only the conmideraticn of conventional problems for de-
algning high-speed airframes, but also the problem of storage
corrosion and environment. A high degree of reliability com-
bined with a minimum amount of maintenance presents contra-

dictory but necessary design requirements,
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14.2 DKESIGN CRITERIA

It has been indicated that the "nature of the materianls
problem" for ramjet engines is very definitely a function of
temperature and time in a measure beyond the requirements of
more conventional applications. Before proceeding to a dJdis-
cussion of mpecific types of materials, it would he well to
conaider in general terms how some of the meclianical properties
of materials are affected by temperature and load as a function
of time. Time is important as a parameter even though the short
flight times for antiaircraft miasiles can tanke advantnge of
thermal iunertias, and therefore utilize higher design allowablesn
than if the material were thoroughly wmoaked for long perioda at
the operating temperatures. It can then be shown why certain
types of materials are applicable to given components.

Structural materials must have strength and deformantiocn
properties adequate for the intended application. Figure 14.2-1
is a comparison of the average yield siresses for a number of
structural matorials at temperatures up to ZOOOOP. Ia general,
the lightweight alloys are unfavorable wheén the temperature
excoeds 400°F. iIn guided-mispsile structures the strength-
weight criterion is important. (F¥or a given geometry and loadiug
condition, the material which gives the lightest member 1is the
best choice.) In high-temperature applications, the strength of
a material varies with the temperrturs, am does the choice of
materials based on n strength-weight-temperature criterion., As
an example of this, a diffuser wall, subject to bending, torsion
snd nresuurg joads, constructed of aluminum alloy, would be
lightest up to 500°F; n similar wall of titanium alloy up to
BOOOF, anu a mtainless nteel wall would be lightest above 900°F
(based on yield fallure). A comparison of strength-weight-ratio
versus temporature for typical materisls is shown in Fig. 14.2.2,
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After the design environment has been curefully established,
full andvantage of special properties of certain materials can
be realized. In particular, theo cost of raw materials may be
an important considoration. Figure 14.2-3 shows a comparison g
of strength-cost ratiom verrus temperature, It is important
to note that this figure does not include conaideration of
febrication and possible mpecial tooling costs,
S8ince the structural material will be subjected to both
static and dynamic loads, the strength criterion must be based
on the same environment. Hence, the enduranca iimit of the j)
matorinl will be the appropriate measure of strength, The en-
durance limit is an indication of the metal's remistance to
fatiguo phenomenon, which for most engineoring metals lies beo-
tween 1/4 and 1/2 of the ultimate tensile strength of the ma-
terial for ten miilion or more repetitions of the load. For the
ferrous metalms, the endurance limit is considered to approach a
l1imit termed the fatigue strength, which is independent of the
number of stLrews repetitions., This limit disappears at elevated
temperature where, for all materials, the endurance limit {s a
function of ths number of applicaiions of the load. The measure

of a material's resistance to static eiastic deformation im the

modulus of elasticity. This relationship, which approximates

the ratio of stress to strain in the eleastic range as a straight

line, is also & function of tenmperature and decreases in value )
with an increase in temperature ss shown in Fig. 14.2-4. For

dynamic deformations, in addition to the modulus of elasticity,

the denaity of the materinl must be considered, since ncceleratsd

magses gliveo ilnertia forcos, An iftdeal material for dynamic appli-

catjons might be one na light as magnesium and am stiff as tung-

sten, but the selection of a materinl for a particular use is i
usually bazed on static rather than dynamic deformations as n
structural design criterion.
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Other mechanical and physical properties such &8 thermal
expanmion (Fig. 14.2-5), thermul conductivity (Fig. 14.2-6), and
erosion resistance are also important in the selection of mu-
tsriala for raumjet engines and further, theme properties increase
in importance a» missile flight timea hecome longer. The prob-
iems Oof thiermal expanmion and thermal shock are empecially im-
portant in built-up structures, particularly those involving
movoral different materials. Consideration of corrosion prob-
lems in military applications requires careful selectlion of nd-
Jacent materials unless extraordinary profection precautions are

o S

P e

taken. It is preferable to use materials as cloze to each other
gn poamible in the galvanic meriesm (Table 14.2-1), and in no case
soparated by more than one grouping.

Another mechanical proporty of considerable inteorest im
ductility. Bince the nuture of miasile structures leads to com-
bined mtremses and stress concenirations matsrials with low
notch sensitivities are desmirabie. A usabls, but not complete
measure of this property is ductility, which shows up 1in the
mechanical properties most commonly asm per cent elongaiion in a
specified gage lengih, and less commonly, but mor: accurately
a8 per cent reduction of test apeclimen arena, These properties
are also some measure of a material’'s "toughness' which indi-
cate itm ability to abmorb energy before irmncture and i8 there-
fore an important measure of workability. For purposes of
compurison, Fig. 14.2-7 shows the relative ductility of smseveoral ]
typical materials st room temperature. At elevated temperatures
the ductility {s Anvariably improved.

Dotail design consideration mus! involve not only the
initial temperature, but the actual temporature regime as a

function of Mach number, altitude, and temperature history,
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TABLE 14.2-1 Galvanic flexies in Sea Yatex

Corvoded Wnd (swodlo, or least noble;

Nagnssiuve
sius Allors

e e e P
f1lno

Galvaninud Steel or
Galvanimed Wrought lrvon

Aluminum
(BIBN, 4B, 38, 28, AlS-T, A3K-T In this ovder)
Alolad
Cadmius

Alustnum
(ALTB-T, 178-T, 248-T In this ordar)

Nild Nieel
Urought Iron
Cast lron

Hl-Bawlat
13 per cenl Chroamium Biainlesss Stesl Type €10 (sciive)
17 per cenl Chromium Bisinises Stesl Type 43 (sctlve)
Haulelliay C

808G Lead Tin Bouldar
18-B Nislnless Blesl Typa 304 (motive)
18-12-3 Stainlieas Bioul Type I (sailve)
Lend
Tin

Nunte Netel
Hunganese Bronse
Navel Bises
Bolybdenua
Wohel (actlive)
Inconel (motive)
Rastesiloy A
Bestnlloy B
Yallow B:zee
Adwlirslty Bruss
Aluminue Brones
Bed WHrass
Capper
Btitcon Broame
90-10 Copper Nickel
TO-3C Copipey Nioks)
Compoeils G-Broanne
Composite N-Rronse

Nickel (passive)
Iunconel {(preeive)
Bonel
13 per vent Chruomlue Btsiulees Gleel Type 410 (pessive)
17 per cent Chromina Biatnliess Bleel Type 41) (peeeive)
iB-0 Niginless Bteel Typs 304 (pameive)
18-8..Y Steiniesu Bleel Type 310 (psselva)
Tilenium
Pruteated Rnd (amthodio, ar mael nohle)
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Use is made of several different "standard" days (Tsable 14.2-2)
to obiain a starting noint {or establishing the temperature Y
conditions for correcting the design allowables, Usually for
structural design, the "stanuard” hot and cold dauays are used,
since they represent an envelope of '"worst demign' conditions,.
S8uch standard days cannot exist meteorologically, but condi-

D

tions at various places on and above the earth cem and do match
points on the standard day curves; consequently, it is desir-
able tu use these for design. For calculnting the performance
of a missile, however, it is proferable to umwe polar and tropi- :’
cnl days mince these can eximi moteorologically,
Any material has certain advantages and disadvantages
in a given situation; however, the materinl selected will
usually he 8 compromine basmed on the following:

1. It is smatisfactory for statical loads,
2. it isn satisfactory for dynamical loads,

3. it tulfilla special requirements (much as
corrosion rosistance, damping capacity, etc.)

4. 1t is practical to fabricate on & production bamsis,

5. it is mvailable (and is not a critical matarial
in time of war),.

A means of rating mirategic and critical materianls {1} is
frequelitly of value in performing both preliminary and production
design. In determining which one of several suitable materials {
should be selected tor a specific application, consideration
should be given to the current and possible future scarcity of }
the matorial.

This is a method of rating an element numerically ac- ] 3
cording to ite relative scarcity by applying material factors Qﬁ
("MF”) to tho element. Boron, which is considered abundant
and noncritical, is given an "M¥'" of 1, while columbium, con- !
sidored the most scarce and critical, is given an "MF'" of 2200 {
(Table 14.2-3). |
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TABLE 14.2-3

PR *

Exampleg of Matexial Factors

Current Current
Beyvined Dxaft Revined Drafi

Aluminum (Al) 14 Manganose (Mn) 8
Antimony (8b) 5] Molybdenum  (Mo) 28
Berylliium (Bg) 220 Iical (N 22
Boron {(B) 1 Selontum (8e) 50
Cadmium (Ca) 4 Silicon (81) 5
Cerium (Ce) 24 Btlver (Ag) 2 J
Chromium (Cr) 5 Tante lum (Ta) ROO
Cobalt (Co) 160 Telluriuvm (Te) 4]
Cotumbium (Ch) 2200 Tin (8n) 16
Copper (Cu) 8 Titanium {(ferro) 7
Goermanium (Ge) 4 Titanium (T1) 70
Indium (In) 80 Tungsten (V) 70
iron (Fe) /3 Vanadium (V) 5
Lead (Pb) 7 ZAnce (Zn) 6
Lithium (L1) 80 Zirconiun (iiv) 3

1 Nagnoanium  (Mg) 1G

|

‘ dyntheiics
Acrylie remins (lucite, plexiglass) 2

i Asbosntos, long fiber 3

! Cellulose acetate butyrate resin (tenite) 2
Celiulose acetate {(plamtncale, fibostose, otc.) i
Glass cloth and glass mat (fiborglas) 2
Melamine-formaldehyde resins (melmac, olasin, ete.) 2
Phenolle sesing (bakellte, durez, ete.) 3 )
Poiydtyrene resinsg (styron, baelite, ete)) 2
Polyamides (nylon) 3
Polytetratinovoothylene resin (teflaon) 3

- 20 - .
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g Uszing these material factors material numbers (“"MN') {

T miAy be obtarined for complex materinla much as 248 aluminum

nlloy and 4130 steel, Of several complex materials suitable
for a certain application, thr one with the lowest "MN" should
' be chosen 1f scarcity must be conuidered.

3

An oxample of the method used In determining the "MN" of

A complex miaterial may bhe illustrated by 4130 atenl,

TABLE 14, 2-4

e A T

i Klomontis _ Por Cent
‘ A.1.8.). 4130 Steel by Welght x "MF"
C 0.3 x 0 - 0

’ Mn 0.% x 6 = 3.0

‘ 81 0.3 x 85 = 1.5

} Cr 1.0 x5 = 5.0

l Mo 0.2 x 28 = 5.8

' Fe 97.7 x 2 = 195.4 |
Total 210.5 carried |

to nearesitt whole number
- 211 = "MN'" for

c 4130 steol !

A tabulation of material numbers for mrcerials of in-

torost to mleslle doslgunors f{a found in Tuble 14,.2-%. This

118t may be kept up to date hy reviewing the quarterly or seml-

annuanl changes mande in materinl factors by the Research and

Devolopmont Board,
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TABLE 14, 2-5

Mpterial Mumbers for Sevexral Complex Materials

Aluminum _Alloy UMNT Alrcxaft Quality Jieels UMN"
148 1242 No.
178 1348 (AXIS1 unless otherwise
248 1351 Bpecifiod)
525 1388
618 1373 1095 201
758 1316 4130 213
4340 252 :’
a56 1324 AMS 8350 294
SAF 135 (nitralloy) 234
fitainlesa Stceel drans
Tyue Naval brass 728
| 102 463 Commercial brass 730
303 463
321 517
414 284
Hastelloy X 1400

- 0
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14.3 APPLICABLE MATERIALS

In this section are covered some of the advantages and
disadvantages of present and future ramjet-engine mnterinls.
Littloe will be included of the designer’'s problem of replacing
conventicnal, production-tried materinls with new materianls
which require different fabrication and tooling techniques and
additional treining. This educational problem might well be
encountered at ali technical and subtechuical fevels in any
stago of material application,

In considering materinls lor ramjet ougines, it willl
aganin be convenienl to divide the engine into n combuntor nys-
tem and a diffuser aystem, both of which are coaninmtions of
ongine and nirframe parts,

Matorials for the combustor must, for the mosml parl
retatn their elnstlce-range mochanicnl properties ant high Lom-
peraturoes, For deslgn purposies the detinttlon ol a high tem-
perature sitvucture is IGDOO?, bul luture roquiremenls may he
an high as 30000F. Austenttic stainiesn rstoeols of the AISI 02
nnd 121 types are froquently usmod for strucluves al these tem-
poratures. These axe iow carbon steols with 18 per cenl chrome
and 8 per conl nicliol and ave ductile nna suitable for the form-
i0g and woliding techniques common Lo combustor components, At |
present no farritic low alloy siteel (which would be more work-
able, weldabhle, economical, and lens critlcal) hns been devel
oped which can be usod at 500°F.  The turbine Industry, however,
has ancceedod in doveloping n chvome-molybdonum-vanadlum ferritic

stocil good al 1000°F for high prosasuve turbino appltentions . In-

’
dicating that proguressa Is being made in thvis [leisd, Also avnil
able are nonferrous alloys Tox high toempernture sorvice which

are superior to aslainleoas atoel In thoir high tempeoralure purop-

crtiea but are wore cifticult to fabricate, wore coslly, and

- 23
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use more critical comnstituents, Two examples are Hastelloy X,
a newly developed nickol-molybdonum alloy (low in strategic
alloy content), ard Inconel X, a chrome-nickel alloy. If com-
bustor-wall temperatures arve increagsed to 1800°F or above, 1t
becomes necossavry to tura to a pure metal like molybdenum, which
i nt presiont expeasive and difficult to fabricate, or to one of
the fron-chromfum-nichkel-cobalt altloys, smuch as Haynes nlloy
No. 25, which have the donble dtsadvantage of betng both expen-
stve snd composed of criticeal materiais, A large amount of tho
current material ronsonvch s betng devotod to developiag new ‘)
high-temperature matalllc alloys, »
Al temporatures above 1800°F much nonmotnliic mnterinis
s technical coramics may beo considerved., Hpocini properties of
goveral typteal tochatenl cornmics nre given in Table 14.3-1,
These matoriais haveo doesirable aigh-tomporature charnctovistics,
but sre usnally brittle and sujtable, almost without oxception
only for compresstve dglress loandings., Coramic contingsm are ad-
vaintageeus because they permit the use of fess critical materials
'l and may be usied if the extva cost of processing and handling 18
| not excensaive, Substitution of light nlloys for steesls by using
coatings is unsually not feoasible tn combustor parts, since tho
working temparanture exceeds the usuni nllownble values very
raptdly. The ceramic nerely finttens the rate of the tempera-
tero-rive curve, but dooes not acl a8 a cowpleale insulaior, )

Moetul-cornmlce compositions combining tho destrabte wmechantoat

properites of both mastorvialis may bo useful for ceortaln applicen.
ttons, but fabrication {s limitod Lo powdor metntlurgteal pro

consos becauso of tho high moiting tomperntures. Somo of these

l mutorinls are extremely brittle, and cannot be used excopt uudor

l comprousive loads, Specinl design tochaigues are thua requlred,

e o

and machining s usually done in the unsintered conditton,

24 - ()
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Another pommiblie sclution Lo the extreme high-temperature
problem in the combustor may lie Iin the application of protective
coatings of existing high-temperature materinls.
Diffuser-system components are at present subjected to
maximum temperatures of about 450°F. Steel need not bhe consid-
ored until an operating temperature of about QOOOF i renched,
since compotitian with the lighter materinls would reguire gauges
impractical to fabricate for the regqulred configurations. Light
alloys are presontly used for diffusor components, Typical do-
sign data are shown in Figs, 14.2-1, l4.371, 14.3-2, 14.3-3, and "}
14 .3-4. Although the heating iraten used to obtain data for Figs.
14.3-2 nand 14 _3-3 are higher than anticipated for antialreraft
misgile atructures (except the combustor), the data are consis-
tent and adoquate for design., MHuch more dotall is given by the
Bunitions Board Alrcraft Committee !73] from which these data
wore extivactod, New aluminum alloys, at present in the develop
ment stage, offer the possibilitity of nbout 35 per cent higher
strength properties at 600°F than alloys vreseni iy in use. A
gerious shortcoming of alumiaum han been the poor weldability
of gome of 1te wtronger nlloys, Magnesium is another material
which has strength-welght properties attractive to the desiigner.
Typical dosign data for some of the nlloys nre shown tn Figs,
14.3-5 and 14,3-6. Magnesium hast notch sensitivity ns good as
aluminum and somowhat better fatigue propertiesa. Recent ad- )
vances ln the field of magnesium-rare earth-zlrconfum alloys
of fexr good high-temporalure propertios ap to 600°¥ . Magnosiam
requireosg oxtra precauvtions to lasure corrosioun restsalance.
In the temperalare rvange boetweon 500" and ‘)()U”l", tittanlum
has the mechnnical propertios

, strength, stillnens, and corrosion

redtstance, requirved for a good diffusor material. Tho mechanical

. 26 )
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Fig. 14.3-1 EFFECT OF ELEVATED TEMPERATURES ON THE
MECHANICAL PROPERTIES OF ALUMINUM ALLOYS 245-T3 AND 75H5-T6
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propertien of titanium and its alloys are not as well estab-
lislied a8 those for the more conventional asaterisls, but cou-
tinued use and tosts have disclosed wenknesses which wiil
eventually be corrected. Typlcal design duta are given 1n
Fig. 14.3-7 and ndditionnl detail information on titanium iw
given on peage
A structural efficioency evaluation [35] of commorcial
titantum sheet and extruded 758-T6 and 243-T3 aluminum alloys
with smhort-time loading iundicated that titaunium sheet 18 the
more efficient at temporatures above 400°F. The evaluation iw ‘)
given {ov comprersive londing without bucklling, for column
buckling, and for buckiing of long plates in compvession or
ahenr. The ovaluntion oxtendod from 80 to 800°F and almo 1n-
cludod magnestum ZKGOA nlloy nnd 18-RB sntalnlons steel. The
stronas-gtraln tests wore performed after thoe materlanl was ox-
posed Lo the test tvmperatuve for one houv, with Jonding at o
strafn rate of 0,002 fu/in/min., For shovtor times, aud for
Litanium alloys other than the commercinl grade, 1t appenvs
that, four temperatures leoss than 4000F, tho advantage nlso
favora the titantum for the cnses where allownble stross aad
not moedului 18 the determlning factor,
Plastics offer another possiible stvucturnl materlal for
diffusor componounts, Thesie |‘-\mjl.l(m arve used in the Form of
lamtnntes in which many layars %r fabric such as Piberglas ave )
bounded together with a high-temperatuve voutn to form stene-
turnl shoeots of deslved thichness with stvength propertios
mude to ovder, Prescently avallable arve glassa-phonotts Toamd
nates capable of use on o Yavorable strength-weight basis nt {
tempeoratures up Lo S()()“l’. Thesoe shooty pre amonanle to belap
formod and jolnod Into complex siructural mombor:s, but thoy
muy ulso be uned a tho wkins of asndwich mewmbors with n Hight - |

welght motal ov plastic coro., Typilceal desiign data nre given
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in Yig. 14.5-8. Although 1t is apparent that design nliowables
dimlinlsah rapidly with Incrense tn tempeoratuve, the shovt tr1ight
times and nigh thermal tnertta permit thetr uase extenstvely,
aven for primary siructures, Owne of the basic linitations for
paris eaposed to aleflow {8 tho readiness with whitch some of
these aterinls tend to delaminnte aue to eorosior In the wtnd-
strocm, The very low atiffness of plastics ts a blg disadvan-
tage but buckling 18 usually elimlnated by proper design,
Fitberglas laminntoes nppear nusatrle for practically all structural
elements of o guided missilo Including the tatiptpe tt approprt .)
ate coramte or metallic iinors nre used., The overwhelmling nd-
vintage of plastic structuren is tho raduced iabrteattng costs
dne Lo leas apace betng requirea for processtng and the fenst
blllty of ustng seml-slkllied labor,
Muizch curront resecarch in thts Ctteta (e devoted to the
developmant of yeinforced, low prossure lamtantes, and thetr
use n botth Hecondary and primary structures sthounld be greatly

expanded,

Propertios of Applicable Matorials

Tabvuloy Iinformatton lTor convonttonal materliala ts tn-

cindeo in Table 14.3-2 1o permlt easy comparvimson for preltmtanry )

desaign of structurel elemeonts of gulded misniles. As ts atwnys
good practico, ttarl dostign nllowables ghould Le cased on exncet

informatlon obitained from the matortat manufactorers,

Titapiwn

Titanium 1s the newest mnterial available for umo in
strunctneal doslgn ne a pousible replacement for poth aluminum

and statnloss sieel aljoyu for elevated temperature, high
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TABLE 14.3-2(c¢}

Thermune(ling Plani e

l Teonmd le Compressive
Hiveugih Morenglh
Typo of lasiie Doy ton' (lh/‘lll) /iy
hiade L phenolle Jeminate Loag t1adlasl 17,004 25,800
Trausvarne 12,0 4,700
Gaile ¢ prepnile lamlunte langliimllon) R ATI 27,800
Teanuvovese «, voo 27,800
Hrmde XX pheimllo lamionie lamg liallne( s 1o 21,800
Tragevevne 11,700 21,400
Higlh -strength paper foug i tndinal a5 ou 22 400
ghenclle lamina(e Longl il ine? 0n ane 22 400
Hhnuolte lemlnsle  glans sl Langitndiont (L 20, 000
rotlan - tehrle-f1] im) Tranuverae a0 24 610
Realn tmpsy (o tlema i Cudinal o oo 26,000
mprenndl saple
Lognin laminnle long L niltoe vi o Ton 17,00
Cont plioneil L0, 006 21, 600
Ant il fovea Invhyite 1neln
¥i Viged 1,000 21,000
Haplamt 1) ued ¥ 400 42,00
Bilyl iypy r1ewi
Mt e Lo (Lutinesd 4,900 00
Nanfl ompon gl Cudinal 11,100 LiL oo
LITERLITTY G TY YT tangl(udlue) 0w, bon 1,100
Mk biman lamg Ltutlnel T, 000 13,000
Buni(n hmeae Longl Cmtlued 00 Lo BOn
Vrewm Lovms Liely e faig Lt ml(oad 4. 8O0
{alicle -hana leninate Transverse A, 000
Thermoapinnt lc Pissllen
Collvlione scetate, Vrnuspavint A Hoe T, hw
Colinlony acolnle B i, 400 A, Boo
Collntone areo(sin B 7,400 [ A1
Collntaan acetale batyrefe ¥ 4. %00 4, %00
Coulivlner scuinin hutyinte N5 o now [T
Polymelay ( matheyvvylets ", 600 12 100
Polyvingl odbiovide wentale 0, 600 L2, 4mn
Polymtyasnae 1, e (n o
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strongth-welght ratico applicationsn., It is n light-welght,
strong, corrosion-resistant metal which, for structural work
at temperatures lees than QOOOF, approximaiteiy fits betweon
#teel and aluminum from consideration of density, moduius, and
stroagth, PFor example, where titamium can be rnubstituted, only
60 per cont as much welght im required for stainless steol, sec-
tton for section, The main advantagesn of titantuwn as a smtruc-
turnl materinl are:

. Up to approximately 7000F, 1t has a highor strengih-

woight ratio than any other structural material,

2. it I8 viriunlly wnon-corrosive and nouv-erosive
(much botler than stanlniosu stesl or monel)
in salt alr, and

3. fabrication can be done with standard procensos
nnd maichinery (but with some changes In lools,
fecds, and speedn) .

Disadvantagos aro:

1. High coat of raw muterinl,
2. difficulty in rapidly processing high strength alloys
J. difftculty in maklng duclile woldsa, and

4. Inconsistency of physical propervtieos.

Nowminal mechanical properties and chemlcoal compositlon are given
in Tabloe 14.,3-3 and Table 14.3-4. Tltanlum molts at temperatuves
between 25507 and le!‘)()“l", dopending on ihe nlloying constiituents;
ity density vaviesn from 0,16 to 0,17 lt)/'ln:‘ nid hnvdnoess from

190 to 270 Brinell Hardeess Namber. Surtance havdness comparable
to nilrldoos steel ts reandlly obtatnable by spproprtatle heat

Ry

troatment The modulus of elastictity s about 16 x l()(’ ll)/In)
(approxlmntely hall that ol steel) and drops Lo aboul 12 x l()('
at 800°F (Fig. 14.2-4). Apparently cold-wor! ing chroages tLhe

value of the modulus Lo o degroe not asually eancountored ln

- 41 -
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other engineering materials and thig, in part, accounts for the

variation of 5 to 15 per cent (depending on the temperature) in

the oxperimental valuesn. Tho endurance limit of titanlum is

vory good with values generally exceeding HO per ceat of the j
tensile strength, and preliminary information on impnct propeor-

tien indicates a very high ilmpact renistance over the tempera- f
ture range of 0° to 60()-8()()0!’. Counrldorable scatter of the data

gives svidonce of variation In thp matertatl as irecoived from the

mill but, on the whole, titanlum slowd no severs notch sonai-

| tivity and does show n graduual rathes than an abrupt choange frowm

ool

| dactile to brittie fractury as a fuuctlon of tempoeranturo,
Commorcially pure titalum and alloys rempond to cotd-
work, although generally 1t 18 preferable to achtove streangth
by alloying rathner than by wark-hardenluag becausme of the attend-
ant loss In ductllity, For guldoed-misaxllo compononts whero ex-
posure Lo the htghor temporantures is for vory short perlods, Jde-
sign allowables can be hasod ou work-hardened valuos.
Currently, commercial tlitanfur and titanlum alloys can
he obtalnoed in the forma shown in Table 14,.3-5, Tho varlety I
adoguate T'or prolimlmry doslgn, hut the manutacturers should H
hoe conaulted Tor additlonal 1aformation,
Forglng of titunlum and 1is alloys may be accomplished by
, copventiounl procoduros, but more force and heavler dies aro
| ugunlly requiroed. A shecot can bo formod by bendlweg, splnnlng,
f drawlng , cuppleg, strveteh Tovming, and oxtradlag.  The motal s }
montl ouslly workod at colovatoo {temporatuaven (500 'l'},()()“F) but for '
moxAt aporations room towmporatuve and tochniguen applicable to
worktng staivlens stoel usunlly gufltceo. Anodlzing lmprovoes

wire drawlng ond may imbrove some of the other forplng oparations,

—

Tllawnluam may be machiusd by uslug much bLhe same wothodus
usually applilod to stalaloss ntoola, The matorvial 1s spriuagy
and tongh oven ta tho annealod state and, bocnusie of tho tendeacy

to work-hnrdoen, vequilves sharvp tools, heavy machinos, wnd hoavy

poaltive feeds oy caibting operations, i
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Titanium can be wolded with onse, but {ts nfiinity for
oxygen, nltrogen, and hydrogen requires shinlded arc walding.
Bheet stock may be spot and seam-welded and even flasmh-butt
wolding hir been used., Yelding techniques have been receiving
considerable attention recently and new developments will im-

prove application of moat processes, Brazing and soldering

e e o . e P o

tochniquoes hnve not yet been developed, but appear feusmible.

! Camting of titanium has been accomplished on a commercial basis,

| and permaneni meld casting of small parts har been muccessful.

' Additionul development is required to permit the cansting of 1;
largoe sizes,

Molvbdeaun

Molybdenum with its unique combinution of sutstendiag
nlgh-temperature properties and availabi!ity ta one of the wont
promising metals for use at temperaturesn above 16000F, nnd 1f
above 300C°F mtresmoem aro not excessive. As n hont-romistant
materinl, molyvdenum could bé employed as n pure metal or as n
mn jor constituent of av alloy, Nolybdeuum cannot be melted and
cast by conventional means, but chemically-prepared powder can
be consclidated into ingots suitable for working into usable
forme by efither powder metal lurgy or arc-custing techmiques,
Since ingot sizes up to 1000 1bs huwve been produced, It appears ‘)
that size 18 no toagos a major limitation to the wwe of molyb-
donum i uan ougluecering matecinl. The moelting point of wolyb.

l denum 18 very high, 47500F, which Is cxne?dud only by tungslen
and tantalam, 1tes donsgity fe O, 368 ib/in”; itwm apoctilc hoan
and coofficient of thoarmml oxpanstion are nbout hnlt that of
stecl (e.g., 3.0 x 106 1n/1n/0F at 70”?); and 1ts thevuml con-
0,28 Hlu/ftz/

o . .
soc/ F/in). Theore characterisiica provide molybcCeuum with

ductivity s three to five times groater (e.g.,

46 . )
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7
advantugeous lhicat-Lranafer and thermal-shock properties, es-

: pecially useful where norn-uniform temperature conditions and
i temporature-aycling i fecte are involved., Diuwensional ata-
i bility 18 consequently grenter and thermnl slress problems
é are reduced,
i Molybdonum aimo hus a high moduius of eiansticity, making
' it favorable for applications wherve riglidily requirementsa pre-
; vail, This modulus Is uvol meriously affected by elevated tem-
{ peratures (see Fig. 14.2-4), but does vary somewhat wlth grain

( direction and cold-work. Constderable varintiou exiuts fu Lhe
i publizhed data ouv strength properties of molybdenum {(typlcal
' values are given lu Flg, 14,.2-1, Tuble 14,3-6, nud Table 14.3 7},
% nnd 1t i clear that tne mochnuicenl properlbloes vary with Impurl-

Lles in the buale motnl nand nlmo with the fabeicenation hlstory,

The room-Lompornluore ductlllity ol molybdonum 1 relnllvely
good, lIncroasing with tomperature, in tha promont rlaga of de
velopment 1t cannol bo constdered as a duactile metal suituble lovr
compreheasive structurnl usnage. Molybdonum appears o be very
briltle under many condlitous and 1a gulte "stralu-rate" and
"noteh” sensltive, Tests Indlente a sharvp decronse in tmpact
slreagth occurs below room bempevaturve, Appropriate coastidera-
tion munst thorefore be takeun when desigulng for lmpact loads
which occur duaring winter transportution, The creep and rapunre
atreugth of moiybdenum is high, compnved io oiber pare motnis
nged in high-tompornture alloys, auwd 1L 1a supevlier Lo conven-
tlouail alloys usoad above 1600°F

The mujor problom to bo overcome In the appllentlon of {
molybdennm as n heat-regintanl motnl {5 the rapldity ol sirlacoe ?
aoxldntlon, At !H()()"l’, for oxnmple, In silow-tlowing atr, molyb.
donum oxidlizon at the rate of 0.62 io G.6H juch of t(hlcknosn
per bhour, Vartous mothods ol providing ndequate surface protoc

tiou are betug Investigntod, and somo are modernlely succeanlul,

}
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Most of Lhe processes can be classified under the general lLypes
of either "diffusion” coatings or ceramic continga (46 48],

The former are typified by a surface covering (applied by elec-
troplating, vapor nhase deposition, or cladding) with a metal
that has hetter resistance to oxidation than molybdenum or one
that forms an oxldation resisatant ailay wlth Lt These cont-
ings usually fail becausne of the diffustion of the molybdenan
into the protective layeor. Life of over 5000 hours al !HUOOF,
and over 300 bours at 31060°F has beon reported with contingm of
molybdenum distlfcide 2 mils thick, The contings have also
vhown goed sorvice under load and when subjectoed to Lharmal
cycling, and are useful up to ZlIN)()Ul-‘, tiie melting Lompervature,

Some coeramic coatlngs have wnlso shown promise, Coatingwm
dovolopod by the Bureau of Standards show no deterioration whaon
oxposod in air at 1650°F for 70 honrs, Both diffusion and co-
rmaic coatings provide adequate protoction for usage noi involv
ing sovere shock or fapact loading.

The development of oxldation-resiailant altoyn is also
being investigated, nithough Lthis approach does not appeoanr fo
offer much promise. The amounts of nlloyling addilions roguired
to provide adequate protection are saufficient to makeo the al
loys completely unworkable,

Most procedures for torming molybdenum are conventlonui.
A a vemult of the bigh transiticn temperature, (orming opoara-
tions such as sheaving, bending, crimping, drawling, upseliing,
und gaptnning shonld be performed at elovalod lemperalares Lo
minimlze the occurrence of briittie cracks, Many lormiag operva-
tions on malybdonuwn cause cracks when carrviod oni at rocm tem
pornture, bult 1t ¢an be readily worked at temporvaturves ob aboet
400°F . Howover, snoe! can be cold-rcllod to s thickness of
0.901 tnch at room tempoermturs, but for croas-rolied moilybhdonam

sheot botween 0,020 wnd 0.040 lach sheot ithichneus, worliing
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should take place within the tempsrature range of 200° to 3250F;
for heavier stock, 960° to 1000°F tomporatures should he om-
ployed. Molybdenum can be spun by the customary procedures at
{tomperntures from 200° to 400°¥. Cross-rolled sheeot usunlly

ir specified for drawing, spinning, and forming operations to
ingure thmt tho sheet hns sufflcient ductility for forming In
all dlrectionn, Im machlnablltty, molybdenum more nearly re-
nomp len |AE 1040 steel hoat-troeated o Rockwell C30 than any
othey matevial,

Holybdonum parta are genernlly joined by riveting with
molybdenum rivets or by brazing with copper or sllver sioldora,
For high-tempernture upplications, tantalum foll has bpen om-
ployed as a brazing material, the opervation heing povformed
ander water to prevent oxldution of the tantalum [46]. A utckel-
chromium nlloy contnlnlng 2 to 1 per cent boron (Walt-Colmony
No. 6) has beosa reperted Lo be n good brazing nlloy for mervice
up to 2()0()()?. Resistarce or arc welding tachniques have bheen
successfaul | but the weldment 1s usinally brittie and relnforce-
ment I8 required for parta to be formed after weldliog., Spotl o

slonm welding can be used.

Materinlyg for Fuel Cells

The solection of malerinlae aunltabple for uno ns fael

celtln requive consnidoeratlon of seveoral factors,

). The tonslle slrongth must be groal onough Lo
withuataud thoe dynamic movemeont of Lhe fasi
within Lho tanik,

2. it muut be lmperviouwit to hydrocarbouns for foug
periodn of timo to poermit fuoled slowago as woll
na fectory lLoatu without subsicguenl flushing,
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3. 1t must be extremely flexilhle to permit eany
installation and reliable operation,

4, 1t must have a high dagree of weavability
(or abrasion) and tear resistance to permit
cycling for test purposes without potential
rupture when smubjected {o flight loads and
dynamics

5. 1t must be llght in weight and small In volume, aand

6. it must have adequate high {lomperature resistance
since parts of the cell can be in tatimnte cantact
with the tank walla, The cooling affect af the
fuel ftaelf helps to nmeliorate this problem, however,

Typlcnl testn mado to melect a fuel cell far an antinls.
crnft mipgnile nre ahown In Table 14 3.8 Avi 0 vepult of these
testn, n coll made of neoprene conted (4 uv./y:l"!) nvlon fabric
hss beeon doeveloped., Thia cell s adequate for use betwoon tem
pernturon of -40° and 5()()01'; although the melttng point of nylon
is 4800!, the neopreune coating increasior itho allowable operating
temperature. The coll withatands repeated cycling wlthout damage
to elther the fabric or the seams,

Plastlc cells fahricated from Teflon orv Kel-F are very

3

geod, but Fabrication o umisual shepes is MIifficult due Lo the
arfficulty of making reliable jolnts. With simple geometrienl
conligurations and closures by means of mechanleal means such

ng clampsa or senllag rings, very antisfactory fuel cells can he

made from plnsitics of thls typo.

e
52

11U CIRMNT LOMIAINE SEDMMMIION AFPEC TG Fooll MATHNGAL (EFONUS 1F 1008 1BNIED SIATES wiiih 1ng
MEANING OF T FRAINAAY LanS M (d 1B Ry SCUTI NS 183 abu I8 T 1RANIMINSHIN A

Ve REVEILAIING DF 1h % (4detIniy (N adeY MAMNIR T AR ihAUIMRIEEN FEAGGH CE MRuAIln B 1 AW

" 8. 5

‘ u%‘,;é’“" Re

L !':H— b E
fﬁ&mhmuﬂﬁnﬁm&ﬂmhn&mﬁﬂﬂwﬁﬁﬂﬁhﬁﬁé&m&zuﬁm%hmmmmmmunmﬁﬁuanuumga:aﬁﬂmw



CONFIDENTIAL

I
‘SITAWIIINZAL IVCUISTEIZ 1907 IC IINIVINCWSIL IFYITe 1ISWE 0L AIWITEZ vwm
3C PSEANAY FIVISSLER F[J1EB0d ST DIIWIEILE SIea mcm PR ' ITROTTL C#EISTTIR mmw
L2
f Hmm
, T3i
sxt
"SRITILD TRIINTTS § IC; § 3z
fues 03 u.ounow L£118785 60008 azae 1E¥y SIWTL 3139 L.0L8 uum F
57190 aq3 '9T9S0IIY [ITA PIFT =TGR o: pIsodcd IEla TFELeZY 21438 2729w mold =°F o
‘3Z3amITISTOD g-vOng Q1 S K1iiiad F1Mmasz1s T SOt ‘a¥uwd YOVI-60G £ IR ETTISRIISTOS mum -
ITPCR DISATD IPIXC IsITLd0LE -omp33 31%92 29d (§ 1189 31¥ISITT 2IWRTVIS LRESEA (D) ansd mum B
5 P 4
<:: 4
o I} £y
-FTIxal; peswadas ‘suess peaciduy L m-w @
XTI IO0TTED [I0TD SSeH ‘¥m3irel aTasidcet-puasdg - mmw |
‘paxtebar $7 FTTisa: paiTEYY 06 ¢ dm 24723 JIVTI-L00 C ) m z
3iaga £1TC 9¥Tm 2C; CICTIWEODIE TiZeiiRE i7q®Qcad qi07> s8¥(2 3Z71 <K .umuqooto,unu.mgn (g) L= — mun
o 1°%
& zo}
-deTTIII PTTIS 0 muw
102 pIp swePE Iy 21EiS cErrawes Wazdosu-rEasdg Q iz
¥ ST FOuE ST I0] DIPTIWECIAT 0% “ds008 ST = ‘gwsay 2wy T1¥Id 32333 ISTI-POO G O .
“SOIITTTIEISTT ITIINE PIRORID [TIT JICWIIDE L1SWQCIE g3ic1d $eTId oTT of pelELO-sTeldudy (V) "mm
o2
{®oTsdsd ! azrivsadmay coTiTsodmes mm.u.
is:
SIThisey 1§97 .umm
=2
<
:ds

STYSTYR TTEIOITEYSUV TT 357 Y735 TS ¥ YOST(os % 3PFR SISSI YESTEXI  s-€ #1 I8Vl

i -— . » i LT v




5.

14G.

1.

12,

CONFIDENTIAL

REFFRENCES

Panel on Ordaance Materianls, Committee on Ordnance,
Resourch and Development Board, Departmeiit of Defense,
Method of Rating Strategic and Critical Materinls,
OOM 109/6 (Corrected), 1952,

Btudy and Evaluation of the High Temperature Propertiens

of Bome Aluminum Alloys, Alv Force Serinl TSBEAM-¥-4938 1945,

Armour Researcn Foundatiocn, Determination of Physical
Properties of Non-Ferroum Structural SBheot Material at
Klevated Temporatuves, AF TR 3517, Part I, 1951,
Andrews, C. W, Motal Progr. H8, 85, 1650.

Anderson, H. L. Effect of Temperature on tho Teusile
Propertiea of 753-T, Alcon Report 9-44-20, 1944,

Buttelle Memorial Justutute, Investigntion of Compreasive
Craep Properties of Aluminum Columns at Klevated Tempora-
tures, Progress Report G-1416, 1350,

Cronilg, C. M., Enmtwood, L, W, and Lorig,6 C. H.,

An Appraisai of the Usefulness of Aluminum Alloys for
Atrcraft and Buperswonic Vehicle Conmtruction,

Project Rand Report, 1048,

Cross, H. ¢, , Comparison of British and American
Vluminum-Base Alloys at Eloevated Temperatures
(Rentricted), 1949,

Department of the Army, Corps of Engineers, Fort Belvoir,
The Alumiaum Symposgium, Symposia on Materials and Design
for Light-¥eight Coustruction, March 30, 19561,

Doery, . C., Detorminatlon of Physical Propertioes of
Non-Forrous Structursl Sheet ¥ntorianls at Elevatod
Tempoeratures, AF TR 6517, Supplemeant 1, 1952,

Dovn, J. E., Comprossive Proporties of Alumliaum Alloy
Sheat at Elevated Temperatures, ASTH Preprint | 1946,

Dorn, J. E., Stress Rapture and Creep Tests on Alumlnum
Alloy Sheot nt Elovatod Temperntures, Amorlcean Instituto
of Minlng and Metalluvgical Englneoring Techunlcal Publ)-
cation No, 2033, 1546

54

CONFIDENTIAL

T8 ORI SHINT OONTMNG B0 IAMAIIGN APVOOTME THE NAIKONAM DIPONAE OF IHE \eeion SIATE R Wil The
AL MNND P IR EOPNINANE LAWE 1100 18, UG EEGNOING 7RP AND 184 E TRANGMIGBINN 6l
THg REVELAIION OF (20 CONTANIE W aKY MAMNER Y0 AN UNAUTHINIED RSN 10 PAOINDITEN 87 ) AW

\;’ Q " ¥ b M *A
T ™ A"”M
b e

AR sl
ittt S ibiaggill




po e s

|
|
|

—

13.

14.

i6.

17.

18,

19.

20.

21.

22.

23.

24 .

CONFIDENTIAL

Dorn, J. E., Final Report on Study of the Forming
Propertiea of Aluminum Alloy S8heet at Elevated
Temperatures, Part 11, Stress Ruplure and Creep Tesats
in Tension at Elevated Temperatures, University of
Calitornia, Report W-216, 1924%,

Howell, F. M., The Mechanical Proportles of Alcoa Wrought
Aluminum Alley Productas at Various Temperatures
(Commercially Restricted), Alcos Report 9-47-9, 1947.

Howell, F. M., SBome Mechanical Properties of Saeolocted
Curreritly Available Aluminum and Magnesium Alloy
Products at Varinus Temporatures, Alcoa Report 9-47-5
(24 T, 24 BT, 61 ST and 75 8T), 1947,

Howz 11, F. M, Teuslile Properties of XB 188-" nt Elevated
Temperatures, Alcoa Report 9-45-2, 1945,

Howell, F. R, , Properties of Wrought Aluminum Alloys at
Elevated Tomporatures, Hetals and Alloys, 6§, 284 (1938).

Kempf, L. W.,6 Dean, W. A., and Wrege, R. B, , Investigation
of Aluminum Alloys for Application at Elaovated Tempera-
turos, Alcoan Cleveland Laborntories, Roport 4-45-6, 1945,

McGeo, J. C., ML Aluminum Casting Alloy - A Material for
Elovated Temperatures, CADO Tech. Datan Dig., A\G, 6, (1951).

McGeo, J. C., Properties of ML Aluminum Alloy, Air Force
Alr Matericl Command, Wrighl-Patterson Alr Fovce Basme,
TR 5759, 1948,

McGoo, J. C., The Development of ML Aluminum Alloy for
iievated Tomporature Service, AF TR 5603, 1947.

Meikle, G., The Tensile Properties of Two Aluminum Alloys
at Elevated Tomperaturea, Royal Ajvcraft Establishment, England
Tochnical Note MET 96 Addendum, 1950

Milloer and Guarniori, Trans. Am. Soc. Metals, 41, 167 (1949).

Naval Ordnunce Tent B8tation, Tensile Properties of
Metuls Wnllo Belag Honted at Hlgh Rates (Rostricted)
NAVORD Report Ro. Y178, Part 2. Aluminum Alloys
(NOTH-319) , 1950,

Baval Remonrch Laboratory, The Development of Aluminum
Alloys for Elevated Temparature Applicatlons
NRL Report M-2855, 1046,

- B85

CONFIDENTIAL

IR B AN NT CONTAING P UMAATHAT AP PRG IR [HE MAVUNA DAPEARE UF THE (WIRO JTATO0 WiTink T
MEAMING 11 Toeg ERPNASE L ANS  ItTH Y 8, UR O BECHING PRI AND Twae 1R IRAnBMIBIUN (A
0 MEVECATNKS OF T H GApLANTR A OAMY MANKER T A5 UNASS QYUHIED PERBON 18 FRRGINTEN BY | A

N
: ;g%%ﬂ‘*n ht,
i

o "




———

a2
[

28.

29.

37

38,

5]
®

CONFIiDENYIAL

, B, W Hickman R J and Barber (. R.

cwell ck ;
Metallurgia, 41, 15, (1949).

Roberts, W, M. and Heimerl,K G. J., Elevated-Temperature
Compressive SBtrere-train Data for 248-T3 Aluminum Alloy
Shest and Comparisons with Extruded 7558-T6 Aluminum Allcy,

NACA TN-1837, 1949,

Creep and Tenmile Propertiems of Commerciql Purity
Aluminum from Room Temporature io i507C, Reyal Alrcraft

ke

FEstablishment, England, (M10807/1085), RAE Report METS50, 1950.

Thorpe, P, L., Tremnin, G. R., and Ridloy, P, W,
Mechanical Properties of Somn Wrought and Camt Aluminam
Allovs at Elevated Temperatures, Inst, Metals -~ J. V. 77,
111, (i950).

Thorpe, P. L., Mechanical Properties of Aluminum Alloys
at Elevated Temperatures (Restricted), Mintatry of Supply,
Englard, Sclentific and Technical Memo 8 & M 09/47, 1947,

Tremsin, G. R, , Mechanical Properties of Aluminum Alloys
over the Temperature lange 100-2509C (Rostrictoed),
Ministry of Supply, England, Scientific and Technlcal
Memo TM 22/47, 1947.

Wyman, L. L., High Temporature Properties of Light Alloys
(NA-137), Part T - Aluminum, NDRC/OSRD Final Roport, 1944.

Barrett, F., Compressive Propoerties of Titanium Sheot at
Elevated Temporaturesa, NACA TN 2038, 1950,

Evertart, J. L., Materials and Methods, 34, 89, (1951),

Heimerl, G. J. and Barrett, ¥F., A Btructural-Efficlency
Evaluation c¢f Titantum at Normal and Eievated Tempera-
tures, WACA TN 2269, 19831,

Motallurgical Advimory Committeo on Titanium Status
Buiiectin on Unclassified Titanlum desenrch and Deveoelapment
of Army Ordnance Corps, Status Bullesiin No, P4

Watertwon Arsoual, Watertown K Mansachuseltsm, 1932,
Michnlos, G. P., Bur. Ships Jour. ], Heptomber (1952).
Office of Technicnl 8erviceas, Seloctoed Bibliography on
Titanium. U. 8. Department of Commorce 8B-20 Addendum 1]
1951,

Oftfice of Technicenl Bervices. Selectisd Sibliogrephy on

Titanium, U. 8. Dopartment of Commerce SB-20 Reviasd, i950.

36 -

CONFIOENTIAL

1448 DOOUMTHT OOMTAMD BZOAMATIIN APPENTIMG o NATYONAL ORVENGE OF THE UNITED §.A230 WM TW§
WS OF THE EOANUASE LN . TITLE 18 U0 0 GEOTICHS TRL AND T84 THE TRAMASOHDN N
THE REVELAIION 02 (T8 QOMIENTS W AUY MANNER TO &AM UNAUTHORIZIED FIREON 1b PAOIITEO @Y LAN

B . SR . — T -




ke

40.
41.
' 42.
!
ﬁ 43.

é, (7 44.

45.

18.

19.

CONFIDENTIAL

S8ociety of Automotive Engineers, Aeronautical Materials
Bpecifications: AMS 4900 and 4901 - Titanium Sheei ond
Strip, AMS 4808 - Titanium Alloy Bhoet, AMS 4921 -
Titanium, ANS 4925 - Titanium Alloy, 1852.

WVheelon, O, A., Design and Manufacturing Techniques with
Titanium, 8. A. E, National Aeronaulic Meeting K Los Angeles,
October 4, 1851. 8. A. E. Quart, Trans., 6, 373, (1932).

Williama, W, L., Report on Elevated Temperature Properties
of Titautlum, Unfted States Navanl Engineeriung Station
E.E.8. Report 4A(g) 066876, N8-013-118, 1951

Bachtold, J. H. and Scott, H., Hetal Progr. 61, 62, (1952).

Ham, J. L. and Herzig, A. J., Avc-Cast Molybdenum Base
Alloys - Second Annual Revort NIt G34-401, Climax
Molybdenum Company of Michigan under contract to Offico
of Naval Remearch, Navy Department, 1981.

Ham, J. L., Arc-Camt Molybdenum Base Alloys - First Annual
Report NR 031-331, Climax Molybdenum Compauy of Michlgan
under contrast te Office of Naval Reoseurch,

Nnvy Department, 1930,

Harwood, J. J., Kolybhdenum, Our Most Promising Refractory
Motal, Product Eng., 27, (1952).

Long, R. A, Dike, K. €., and Bexr, H. K., BSome Properties
of High-Purity Sintered Wrought Rolybdenum Metsl at
Tomperatures up to 24609F | NACA TN 2319, 1951,

Parke, R. M., Molybdenum, A New High Tempeoraturs Mutorial,
Metal Progrx. 60, (1951).

Parke, R. M., Molybdonum ag n Hent Remiginnt Metal,
Battelle Memorinl Institute under contract to Offlice of
Naval Reseaxrch, 198560.

Soemchysen, M. and Hontottor, H. K., Arc-Cast Hotybdenum
Dase Atloyn - Third Annusl Repert HR 034-401. Clleax
Molyvbdenum Company of Mlchlignn unndor contract to Offlee
of Navail Resoarch, Navy Dopartwmant | 16552,

Wachtell, R. L., Ap Iuvestigation of the Alloys of
Aluminum and Motybdenum. AF TR 6601, Purt 2 1952,

Atr Force, AIA Confereance on Pevolopmants Concerning
Alrcraft Glasa Fiber Plastic Lamluntes. Docember 11-12, 1951,

57

CONFIDENTIAL

) DOCLAM NG (ARTARIR BPORMATION APPEG I 1o WMATWONAL DEFENSE 7% THE eethi S1ATEE wilten Tiig
MUANIMG GF T GOPHMABL (an8 . Ll 18, LB L BIUNIIHE 783 AMD TR N TRANBMIBHION 1M
THE REVELAIION OF (75 SONTIMIG 6 ANY WANRDP T Al DMAUTHOMIZED FEASON 18 PAMIMEILD 87 | AN

o L > moy
"“9‘4“:;(‘".

.ﬁﬁﬂ”" TR
i e

T Wl i

M

-



53.

55.

56.

7.

H1,

59.

60,

61.

62.

64.

a5,

66.

67 .

CONFIDENTIAL

Atroraft Industries Association ARTC-ER-H2-17A.

Summary of Dimcumsions, December 11-:2, 19581, Concerning

Plastic Laminates. Fsbruary 20, 1952.

Black, G. snd Sanders, H., Product Eng., 18, 85,

(1947) .

Bureau of Mines, Collego Park, Maryland, Ceramic Parts
for Rocketn and Guided Mimsiles, 8Sponsored by Navy

Department | Bureau of Ordnance Saction Re92,

under

Contract No, 22786, Report No. 11 (Conftdential),
Poriod 1 April - 30 June 1931,
Coramic Coatinge, Machine Design, 24, 122, (1982).

Dow Corning Corporation, Deveiopment of Low Prossure

Laminates of Glans Fabric and 8ilicons Resins,
Technical Report No. 6223, 1652,

Gnide Prepared for Use with Hoat-Renisgting Metaln in

Ceramic Coating Applications, Dosxign News, €, 8

Lidman, W. G. and Hamjian, M. J. Product EBug.
22, 1947, {(19b61) .

Hichanelson, H. B, Product Eng., 22, 120, (1951)

(1852) .

Thielke, N. R. | Rofractory Materials for Use in High-
Toempoerature Areas of Alrcraft, Wright Alr Developmnent

Center, Tochnical Report 53-9, 1953,

Worren, F.

, Mechnnlical Proporties of Plastic Laminntes,

United States Depavtmont of Agriculture Report No. 18206-A,

1953,

Allegheny Landlwn Steel Corporation, Stainlesns Steol

Handhook , Plttasburgh, Pa., 1951.
uMond, T. C., Engineering Malorials Manuai, 1%5

Ftock, £. F. and Halpern, C.

!

Bibliography of Books and

Published Reportes on Gas Turbinoes, Jot Propulsion, nnd
locketl Power Plants, U, &, Department of Commorce

Natjonal Burean of Standavds NBS Clrcuiar 509,

Fletcher, ®. E., Beck, R, L.,
Elasea, A, B, and Manning, G. K.
Tompernture Service, Batteile Momorial Institute

Flaunl Report, 1952

Wostorman, A. B,

Goodyenr Alvceait Corvporation, Compavative Teusts
Resiatnnt Materials for Rocket Casosn, GER-25H80

08 -

CONFIDENTIAL

T (POOURMENT ONTAINS BFOMMTINE: APFEGTING THNE NATIOMAM. NITFEwWRS OF il THD BTADAS MITiem 10
MEMNHMG ¢ 1 SOPHRAE ke 110 G 1B LB ARGTIONG PBE AND (4 11 IRANIMIGBION (M
1000 RO VSi AVt 100 (18 POMIEHIE  We AMY BIANNER P AN UNaDTHORIZED PERSIWE I8 SROHMEMTI N 4Y | AW

[N
W

R Sl

1981,

, Alloyr for Jilgh-

oy Hont
1961,

A o e




=

CONFIDENTIAL

LS

68. Graham, G. R. and @oo0dwin, H. B. 8hort Time Tensiie
Properties of Inconol X and 28-20-2% 81licon Btainivss
Stesl at Elevated Temperature, Applied Physics Laboratory,
The Johns Hopkins Univermity, CM-510, 1948,

69. International Nickel Company, Inconel "X" A High Strength,
High Temparature Alley, Data and Information, 1949.

-3

[~
-
-
>
8
3
3
p]

aF
aw

(4]

1 " %4 e ol
2, M. v, , amuina

1
S8trength of Manufactured Part
Inc¢, , New York, 1850,

Vrvaely ¥ Q 1 ¢ we.en v e
&7 LY ~ W) WA RTERED N

lcérnv—ﬂiil Bno

n
. b2 praw s e
5]

P aqpemrer ] T TG T

71. lorell, J., A Criterion for Chooning Hocket Motoy
Materials (Resmtrictod), Jet Propulsjon Laboratory,
California Institute of Technology, Memorandum No, 4-24

1948 .
(n

72. Niller, B. A., Wiowara, J. ¥, and 8mith, W, K. 6 High-

Honting-NMate 8trength of Three Heat--Resiatant Metals,
Naval Ordonance Temi Station, NAVORD 2017, 19353,

- e AT

e

73. Munitions Board Adreraft Committeoo, Strongith of Metal:
Alrcrnft Elementm, ANC--B and Amendmonts, 1951

pEr S

74. Naval Ordnarce Test Htatfion K Tenstle Propertiea of Motailn
while being Heated at High Rates, Part 3. Compartson of
Results irom High-Heating-Rate Teatn with Results from
Rocket Firing Testm {(Restricted), NOTS8-336, NAVORD Report
No. L1178, Part 3. 1950.

-
[y S

74, Of fice of Naval Resmearch 6 High Temperature Materinis,
Navy Department NAVEXOS P-734 (Confidentinl),K 1049,

75. Rosenholtz, J. 1. and Suwith, K D. T., Jour. Applied Phys.,
21, 393, (1950).

77. Stanley, F. R., Jour. Aero, Sci., 1¢, 133, (1949).

’

8. Tsien, Hsue-Shen, sero Dik., 60, 120, (1950).

79, Unitoed States Stuel
Serviceo, 1049,

, Steels fovr Elovated Tewmperature

80 Brown, D 1., Metals tor Tomorrow, (Repriutoed trom

14

The Iron Age), LTQ, 1952

B1. lLlmzan, B, J, and Blatherwick, A, A, Fatigue Propeoriies of
Aluminum Alloys at Various Divect Stross Ratios, Wright
Alr Dovelopment Center, Technicul Report 53-307, Part |
flolled AYioye, 1952

59

CONFIDENTIAL

Tl DIRARM ML CUMTAMNT 0 DRMATHA APPEGTIRG 1201 NADIOMAML DIPERAE OF 13 UMIGD GTAP8 4 Welrn Tnt
WMt OF THE SOPMALE (A TIT( 8 B, LN O BAGNINA PER AHY TLe e TRansnEION On
Tf ABVELATHN OF 118 LONIYNTE e AMY MARNEN T A% UNADLIKENIEIN PIARIN ‘8 PRINISGIIED ©F & Aw

® L3 .
o g » 1y X
R B - 8
3

i

o
Lnr" ’ o i P i e




82.

ng .,

86,

87.

88,
89,

20.

CONFIDENTIAL

Lazan, B, J. and Demer, L. J,, Damping, Eiasticily, and
Fatigue Properties of Temperature-Resmistant Matervial,

¥right Air Deveiopment Center, Techanical! Report B2-243J, 1982

Lewis, W. J., Rieppel, P. 8., and Voldrick, C. B,

Brnzing Titanium to Titznium end to Mild and Stulnlamm
Bteelr, Wright Air Development Center, Technicnl Eepia!
u2—313 Part 1, i95Z.

Shevlin, T, 8., Developmeni, Properties, and Inveastignt ion
of a Cermet Containing 2&8% Alumina and 72% Chromium,

¥right Alr Dovelopment Centor, Technicnl Report 53-1% 1402

Metalliurgical Advisory Committes on Titaprium Status
Bulletin on Unclassified Titanium Research and Devalipment
of Army Ordnance Corps, Status Bulletin No. P7, Wateriown
Arsonal, Watorlown, Mamumachusetts, 1952,

Work, €. E. and Dolan, T. J., The Influonce of Toempe: ‘e
and Hate of Stratn on the Properties of Hetals In Toymics,
Wright Alr Development Center, Techulical Report 83..1¢, i+

Alr Force Serial TSEAM-M-4938 (EC 605-183) , Study of lhe
High Temperature Properties of DCK Aluminom Alloys, 1946

Everhurt, J. L., Materials nnd Methodun, 35, 12}, (1982).
Everhart, J. L., Materials and Methods, 35, 118, (188%¢),

Larke, R, fd. | Metal Progr., 61, 92, (1952). (Tablo orugl-
naily supplied by Climax Molybdenum Company. )

L $11]

CONFIDENTIAL

TG FOUMENT (ATAME IPCAMATION AZFECTING TIN MATAINAL DEFINGE UF VBN LRKTS0 BIACEA Willew Ing
W AmE OF THE ERMIONA L ARA TITLE 1B, R0 RECTIONS 7S AND e INE TRANSMBRION IR
T MVELATN OF 1T8 0ON6MI8 W 2257 MA%NER 10 AN LMAUTHORIDRD PemTim i3 PAMMIBRIEH AT AW

LAY 0

4 W”‘hﬂ& k\w




	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067

